Chromatin insulators are remarkable regulatory elements that can bring distant genomic sites together and block unscheduled enhancer-promoter communications. Insulators act via associated insulator proteins of two classes: sequence-specific DNA binding factors and "bridging" proteins. The latter are required to mediate interactions between distant insulator elements. Chromatin insulators are critical for correct expression of complex loci however their mode of action is poorly understood.
Introduction
Eukaryotic genome is folded extensively to fit inside the cell nucleus. The folding patterns vary between individual cells but certain conformations occur more frequently. In some cases, the likelihood of acquiring a particular conformation is linked to activation or repression of specific genes. Such links are especially important for complex loci in which multiple regulatory elements are positioned tens of thousands of base pairs (kb) away from their target promoters. The Drosophila bithorax complex is one of the best studied complex loci. The bithorax complex consists of three evolutionary conserved homeotic genes Ubx, abd-A and Abd-B that encode transcription factors and specify anterior-posterior identity of the last thoracic and all abdominal segments of the fly (MAEDA . Segment-specific expression of the bithorax complex genes is controlled by distal transcriptional enhancers and epigenetic maintenance elements (PRE/TREs). The correct function of enhancers and PREs/TREs is further orchestrated by chromatin insulator elements that modulate the topology of bithorax complex by mechanisms that are not well understood.
Chromatin insulator elements were first discovered in Drosophila and later found in vertebrates and plants. They are short (~1kb) DNA elements that can block ("insulate") transcriptional activation of a promoter by a remote enhancer when interposed between the two. In contrast to transcriptional repression, insulation leaves the promoter transcriptionally competent so it is free to engage with other enhancers as long as those are not separated from the promoter by the insulator element.
The function of insulator elements depends on associated chromatin insulator proteins and here most of what we know comes from studies in Drosophila. Based on their biochemical and functional properties the known Drosophila insulator proteins can be divided in three groups. The first group consists of nine sequence specific DNA binding proteins: Su(Hw), CTCF, BEAF-32, Ibf1, Ibf2, Pita, ZIPIC (a.k.a. CG7928), Dwg (a.k.a. Zw5) and GAF (the product of Trithorax-like gene) (GEYER AND CORCES 1992; ZHAO et al. 1995; GASZNER et al. 1999; SCHWEINSBERG et al. 2004; MOON et al. 2005; CUARTERO et al. 2014; MAKSIMENKO et al. 2015; WOLLE et al. 2015) . The second group includes Cp190 and multiple protein isoforms encoded by the mod(mdg4) gene (DORN et al. 2001; PAI et al. 2004 ; . The Cp190 and Mod(mdg4) proteins have no sequence specificity and may not be able to bind DNA directly. They can however, mediate homotypic and heterotypic protein-protein interactions via their BTB/POZ (Broad complex, Tramtrack, Bric-a-brac)/ (Poxvirus and Zinc finger) domains. The third group includes biochemically diverse proteins: Elba1, Elba2, Elba3 and Shep (AOKI et al. 2012; MATZAT et al. 2012) . Though not required for enhancer-blocking, these proteins appear to modulate the enhancer-blocking ability of insulator elements in tissue or stage specific manner. Of all Drosophila insulator proteins, only CTCF has a clear ortholog in mammals (BANIAHMAD et al. 1990; LOBANENKOV et al. 1990) . Multiple lines of evidence indicate that insulator proteins act as multisubunit complexes (MATZAT AND LEI 2014) . In addition, genomic mapping shows that insulator proteins bind chromatin in distinct combinations (NEGRE et al. 2010; SCHWARTZ et al. 2012; CUARTERO et al. 2014; MAKSIMENKO et al. 2015) . Importantly, only certain combinations of insulator proteins make these elements capable of blocking enhancer-promoter communications, suggesting that these proteins have additional unrelated functions.
Mechanisms by which insulator elements block enhancer-promoter communications are not yet clear. The most popular hypothesis suggests that insulator elements interact with each other and form chromatin loops that compete with chromatin looping involved in enhancer-promoter communication. Supporting this notion, certain insulator protein binding sites are enriched at bases of chromatin loops detected by genome-wide chromatin conformation capture (Hi-C) analysis (RAO et al. 2014) . In this view, sequence specific DNA binding insulator proteins of the first group serve to recruit proteins of the second group, which, via protein-protein interactions, "bridge" two or more insulator elements together. In Drosophila, Cp190 and Mod(mdg4) may be responsible for the "bridging" function. Like interactions and loops between enhancers and promoters, the interactions between insulator elements are likely transient and should be considered in probabilistic terms.
Similarly, insulator interactions may bring different genomic elements together or juxtapose regulatory elements with appropriate target promoters (GRUZDEVA et al. 2005; LING et al. 2006; SPLINTER et al. 2006; LI et al. 2011) .
Whether insulator elements are interchangeably used in vivo to both promote and block enhancerpromoter communicators or have a preference for either is an open question. An important step towards resolving this issue is to ask whether the two "bridging" proteins Cp190 and Mod(mdg4) are functionally different. Although both Cp190 and Mod(mdg4) have BTB/POZ domains, these domains differ in their amino acid sequences and their protein-protein interaction properties. Thus in vitro and in yeast two-hybrid assays, the BTB/POZ domains of Cp190 form homodimers (BONCHUK et al. 2011; VOGELMANN et al. 2014) while the BTB/POZ domains of Mod(mdg4) form homo-and heterotypic multimers with the BTB/POZ domains of several other members of the tramtrack group (GOLOVNIN et al. 2007; BONCHUK et al. 2011) . Furthermore, the isolated BTB/POZ domains of Cp190 and Mod(mdg4) do not interact with each other (BONCHUK et al. 2011) . The full length Cp190 and the Mod(mdg4)67.2 protein isoform implicated in the function of the gypsy insulator element interact (PAI et al. 2004) , presumably, via different domains.
Here, we use the Drosophila bithorax complex as a model to gain insight into the contribution of chromatin insulator proteins to regulation of complex loci and investigate the functions of Drosophila Cp190 and Mod(mdg4) proteins. We find that the key roles of the zygotic Cp190 and Mod(mdg4) proteins differ. The Mod(mdg4) proteins cooperate with sequence specific DNA binding protein CTCF to promote expression of the Abd-B gene. In contrast, the Cp190 protein is critical for the function of an exceptionally strong insulator element that topologically separates the Ubx gene from posterior abdominal genes abd-A and Abd-B. This emphasizes the role of Cp190 as a central enhancer-blocking protein and points to potential preference of "bridging" insulator proteins towards blocking or facilitating enhancer-promoter communications.
Results

CTCF and Mod(mdg4) cooperate to enhance the Abd-B expression in the abdomen
Within the bithorax complex the CTCF, Cp190 and Mod(mdg4) proteins co-localize at multiple sites (Figure 1A, (SCHWARTZ et al. 2012 ; ) some of which can act as enhancerblocking/boundary elements (KARCH et al. 1994; HAGSTROM et al. 1996; ZHOU et al. 1996; BARGES et al. 2000; GRUZDEVA et al. 2005) . Are all the three proteins involved in BX-C regulation? If so, do they act redundantly, cooperate or have distinct roles?
Of the three proteins CTCF is the most studied although reports do not always agree in details (GERASIMOVA et al. 2007; MOHAN et al. 2007; BONCHUK et al. 2015) . All studies conclude that loss of zygotic CTCF function results in posterior to anterior transformations of abdominal segments A8-A6 which is caused by the reduced expression of the Abd-B gene. However, they disagree whether zygotic CTCF is essential for viability. In line with observations from Corces and Renkawitz laboratories (GERASIMOVA et al. 2007; MOHAN et al. 2007 (Table 1 , Figure 3) . Recently, Bonchuk and co-authors proposed that CTCF GE24185 is a null allele and argued that the lethality of other CTCF alleles is due to additional unrelated mutations (BONCHUK et al. 2015) . It is hard to imagine that the three CTCF alleles (CTCF and CTCF 9 stocks were allowed to recombine to remove associated lethal mutations, our transgene also rescues the viability of the homozygous CTCF y+1 and CTCF 9 flies. Taken together, our results uphold the conclusion that zygotic CTCF function is essential for viability and indicate that CTCF
GE24185
is not a null allele but a strong hypomorph.
A clean loss of function allele of the mod(mdg4) gene has not been described. However, flies with a strong hypomorphic mod(mdg4) mutation on a sensitized genetic background with reduced expression of the Abd-B gene were reported to have transformations of abdominal segment A5 to A4 (DORN et al. 1993; BUCHNER et al. 2000) . This suggests that Mod(mdg4) promotes Abd-B expression in a way that is different from CTCF. To investigate this issue further, we generated a clean null allele of the mod(mdg4) gene. For this, we induced recombination between the FRT sites of the two P-element transposons P[RS5]mod(mdg4) 5-HA-1224 and P[RS3]mod(mdg4) (GOLIC AND   GOLIC RYDER et al. 2004) and obtained the 12kb deletion (3R:17191075-17203088) that removes the transcription start site, 4 exons common for all transcriptional isoforms and 8 downstream exons included in some of the transcripts ( Figure 1D , Figure S1C ). We dubbed this allele
. Flies homozygous for mod(mdg4) m9 allele die during metamorphosis and produce no adult structures to examine possible homeotic transformations (Table 1) . However, flies heterozygous for the combination of mod(mdg4) m9 with the strong hypomorphic allele mod(mdg4) neo129 ( Figure 1D , (DORN et al. 1993; BUCHNER et al. 2000) ) or with the weak hypomorphic allele mod(mdg4) GS29013 ( Figure 1D , Figure S1D ) survive longer and die as pharate adults. Flies homozygous for hypomorphic allele mod(mdg4) GS29013 ( Figure 1D , Figure S1D) (Figure 4 ). In agreement with these observations, we detect less Abd-B protein in posterior abdominal segments of the larval ventral nerve cord ( Figure 2B -B') and embryonic epidermis ( Figure 2D-D GS29013 transformations are easiest to see in males whose A7 tergite (t7, Figure 5A ) gets larger and the A6 sternite (s6, Figure 5A ) acquires bristles that are normally absent. Strikingly, the double combination of the CTCF and mod(mdg4) alleles yields much stronger posterior to anterior transformations ( Figure 5A -B, Table 1 ). For instance, in CTCF EY15833 mod(mdg4) GS29013 males, transformation of the A7 tergite (t7) and rotation of genitalia are as strong as that of flies that carry strong CTCF mutations but, in addition, the tergite of abdominal segment A8 (t8) is partially transformed into t7 ( Figure 5A ). Combinations of weak and strong CTCF and mod(mdg4) alleles produce strong transformations that are not seen in flies homozygous for any of the individual mutant alleles ( Figures 5C, S2 ). For example, in such mutant males, the A8 tergite (t8) becomes separated from the tergite of segment A9 (t9). It is also bigger and has a row of bristles ( Figure 5C The tergite of the first abdominal segment changes the shape to that of segment A2 and displays long bristles normally present on the second abdominal tergite but absent on the first ( Figure 6A , Table 1 ). Additionally, the sternite of segment A1 acquires bristles characteristic of segment A2
( Figure 6A , Table 1 ). The identity of the A1 segment is defined by high Ubx gene expression and lack of abd-A gene expression. In contrast the A2 segment is defined by high expression of abd-A (KARCH et al. 1990; MACIAS et al. 1990; SINGH AND MISHRA 2014 Su(Hw) and CTCF in wild-type embryos and cultured cells (NEGRE et al. 2010; SCHWARTZ et al. 2012 ).
To test this hypothesis, we first analyzed recently published ultrahigh-coverage Hi-C map of chromosomal contacts within wild-type embryonic nuclei (SCHUETTENGRUBER et al. 2014) . Consistent with previous reports, we find that all three genes of the bithorax complex are contained within broad topological domain that spans approximately 330kb from the 3' end of the Ubx gene to a Figure 7B ). We therefore conclude that Fub acts as a strong enhancer blocking element in the chromatin context of the landing site. To test the enhancer-blocking ability of Fub insulator in different chromosomal contexts, we mobilized the transgene from the 51D landing site using P-element-mediated transposition and established 14 independent lines bearing transgenes at different loci. Of these lines, 13 lacked yellow expression in wings and body ( Figure 8 ) and one showed some wing and body pigmentation. In this line, the pigmentation was weaker than in wild-type or Fub flies. These observations suggest that the enhancer blocking ability of Fub is robust and independent of the chromatin context. Fub appears to be as robust enhancer blocker as the paradigmatic gypsy insulator (Figure 8 ).
The introduction of the Cp190 mutant background impairs the ability of Fub to block the upstream enhancers ( Figure 7B ). Figure S5 ). We conclude that Fub is the unusually strong Cp190-dependent insulator element that separates the bithorax complex into two topologically independent domains and that the main phenotype of the zygotic loss of Cp190 function is due to the impaired function of Fub.
Genetic interactions between Cp190 and CTCF
The binding profiles of Cp190, CTCF and Mod(mdg4) within the bithorax complex are quite similar.
Yet, the Cp190 mutants show drastically different homeotic transformations compared to flies deficient for CTCF or mod(mdg4) functions. This could be due to functional differences between Cp190 and Mod(mdg4) proteins, partial redundancy of CTCF and other DNA binding proteins that recruit Cp190 and Mod(mdg4) to chromatin, the amounts and stability of maternally loaded Cp190
and Mod(mdg4) or a combination of thereof. To get an insight in this complex issue we looked at the phenotypes of flies that combine the Cp190 mutations with mutations in mod(mdg4) or CTCF. Figure 9A , B).
Similarly the sternites of the male A6 (s6) have very few bristles and the number of bristles in the female s7 is no longer as high as in single CTCF mutants (Table 1 , Figure 9A , B). Surprisingly, although
Cp190 mutations seem to suppress the transformation of A6 and A7 caused by the CTCF deficiency, they appear to enhance the posterior to anterior transformation of A8. Figure 9C ), the t1 bristles do not elongate (compare Figure 9C and Figure 6A ) and s1 does not acquire bristles (Table 1) .
Fub is the unusual Class 12 insulator element
Fub shows exceptionally robust enhancer blocking comparable to that of the paradigmatic gypsy insulator. We have previously grouped genomic sites co-binding Su(Hw), CTCF, Cp190 and Mod(mdg4) insulator proteins into so-called Class 12 but their functional properties were not investigated (SCHWARTZ et al. 2012) . We therefore asked whether strong enhancer blocking is a property inherent to elements that co-bind Su(Hw), CTCF, Cp190 and Mod(mdg4). To this end we PCR-amplified eight ~1kb-long DNA fragments from different Class 12 sites and subjected them to the same enhancer-blocking assays as the Fub insulator element. When integrated at 51D landing site five out of eight Class 12 sites showed some degree of enhancer blocking. However, in all cases the block was less strong and showed greater variability when the transgenes were mobilized from the 51D landing site (Figure 8 ). This argues that the co-binding of Su(Hw), CTCF, Cp190 and Mod(mdg4) or other recently identified Cp190-interacting proteins (Pita, Ibf1, Ibf2 and ZIPIC ) (CUARTERO et al. 2014; MAKSIMENKO et al. 2015) does not automatically predict a strong enhancerblocking ability. It appears that Fub has additional features that make it exceptionally strong insulator element.
Discussion
The Drosophila bithorax complex is a paradigmatic example of a homeotic selector locus that specifies anterior-posterior body axes. It is also an exemplary case of a multi-faceted gene regulation that combines inputs from distal enhancers, non-coding RNAs, epigenetic regulators and modulators of 3D chromatin topology. Here, we use the bithorax complex as a model to gain insight in the contribution of chromatin insulator proteins to regulation of complex loci and to gain insight into functional differences between the two "bridging" insulator proteins Cp190 and Mod(mdg4).
Mod(mdg4) promotes expression of the Abd-B gene
Until now, the functional role of the Mod(mdg4) proteins at insulator elements was limited to the specific Mod(mdg4)67.2 isoform that is implicated in enhancer-blocking by the gypsy insulator (GEORGIEV AND GERASIMOVA 1989; GERASIMOVA et al. 1995) . It seems that the main function of Mod(mdg4)67.2 at the gypsy insulator is to prevent the associated Su(Hw) protein from acting as transcriptional repressor (GERASIMOVA et al. 1995; GEORGIEV AND KOZYCINA 1996) . Consistently, genomic sites that bind Su(Hw) protein in the absence of Mod(mdg4) 67.2 act as repressive elements (SCHWARTZ et al. 2012; SOSHNEV et al. 2013) . mod(mdg4) is a complex gene that encodes about 30 protein isoforms through a trans-splicing of pre-mRNAs produced from both DNA strands (DORN et al. 2001) . All isoforms differ in their C-terminal regions and share the common N-terminal region of 402 amino acids that contains the BTB/POZ domain. Although mutations that disrupt the Mod(mdg4)67.2 protein isoform are viable, hypomorphic mutations that truncate Mod (mdg4) proteins within their common N-terminal part are lethal and have pleiotropic phenotypes that range from meiotic chromosome segregation defects in males (SOLTANI-BEJNOOD et al. 2007 ) to enhancement of the position effect variegation (DORN et al. 1993; BUCHNER et al. 2000; GAUSE et al. 2001) . Some of the lethal mutations were reported to affect expression of homeotic genes although there is little agreement with regards to which genes are affected and to what extent. Thus, Dorn and colleagues described the changes in the pigmentation of the abdominal segment A5 suggesting that, in this segment, expression of the Abd-B gene is reduced and that A5 is partially transformed into A4 (DORN et al. 1993; BUCHNER et al. 2000) . On the other hand, Gerasimova and Corces reported indiscriminate and complete loss of the bithorax complex gene expression (GERASIMOVA AND CORCES 1998), although they did not check for homeotic phenotypes. In both cases the effects of Mod(mdg4) loss were attributed to its role in counteracting repression of homeotic genes by Polycomb complexes (DORN et al. 1993; GERASIMOVA AND CORCES 1998; BUCHNER et al. 2000) .
Here, we carefully examined morphological phenotypes of flies with several combinations of mutant alleles of mod(mdg4). We do not see any distinct changes in pigmentation of the A5 segment, Figure 1A ) and genome-wide ( , we favor the idea that the two act in concert as part of the same molecular pathway. This is, to our knowledge, the first functional evidence that CTCF and Mod(mdg4) act together and it would be very interesting to test, in the future, whether genomic sites co-bound by the two proteins outside the bithorax complex behave in similar way.
What is the mechanism by which Mod(mdg4) and CTCF promote expression of Abd-B? The answer is likely to be complex. Mammalian CTCF protein promotes long-range interactions between regulatory elements (ONG AND CORCES 2014) and chromatin conformation capture (3C) assays suggest that many sites within the bithorax complex engage in long-distance trans-interactions (CLEARD et al. 2006; LANZUOLO et al. 2007; SCHUETTENGRUBER et al. 2014) . The Abd-B expression is regulated by a set of segment-specific regulatory modules that consist of transcriptional enhancers, an epigenetic maintenance element (PRE/TRE) and an adjacent insulator element that is often bound by Mod(mdg4) and/or CTCF. These insulator elements may promote the interaction of the corresponding enhancers with the Abd-B promoter and Mod(mdg4) and CTCF may be part of this process. Since Mod(mdg4) and CTCF bind in the vicinity of some of the Abd-B transcription start sites, they may also promote transcription more directly.
The role of CTCF and Mod(mdg4) at the bithorax complex likely involves more than just upregulation of Abd-B in posterior abdominal segments. Deletion of individual insulator elements from the Abd-B regulatory region cause segment-specific anterior to posterior transformations (GALLONI et al. 1993; MIHALY et al. 1997; BARGES et al. 2000; IAMPIETRO et al. 2008) . This indicates that the insulators prevent more potent enhancers that activate Abd-B in more posterior segments from acting in the adjacent anterior segments. We do not reliably detect anterior to posterior transformations in any of MATZAT AND LEI 2014; LE GALL et al. 2015) . Consistently, they bind many of the same sites within the bithorax complex ( Figure 1A ). We were, therefore, surprised to find that zygotic loss of Cp190 and It is tempting to speculate that Cp190 may be "specialized" in blocking long range chromatin interactions while Mod(mdg4) may be tailored to promote enhancer-promoter communications.
Fub is an exceptionally strong chromatin insulator
The Cp190-dependent Fub insulator element is unusual in its exceptionally robust enhancer blocking ability, which is on par with that of the prototypic gypsy insulator element from the 5'-region of the eponymous retrotransposon (GEYER AND CORCES 1992) and the strongest native gypsy-like 62D insulator element described by Pamela Geyer and colleagues (PARNELL et al. 2006; KUHN-PARNELL et al. 2008) . As far as we know, Fub and 62D are the strongest insulator elements naturally present in the Drosophila genome (Figure 8 , (GOLOVNIN et al. 2003; PARNELL et al. 2003; GRUZDEVA et al. 2005; PARNELL et al. 2006; RAMOS et al. 2006; RODIN et al. 2007; SCHWARTZ et al. 2012) 
The "rescue" of CTCF mutations
The pOneStrepCTCFattB construct to "rescue" CTCF loss of function was assembled by placing the N- 
Immunostaining of embryos, larval nerve cords and pupal epithelia
Primary antibodies used were mouse monoclonal anti-Ubx (Ubx 
Preparation of adult fly cuticles
Adult or pharate adult flies were collected and boiled for 8-10 min in 10% KOH, washed with 1xPBS, dehydrated with 70% and 95% ethanol and stored in 100% glycerol. The cuticles were mounted on microscope slides and photographed with Nikon SMZ1500 stereomicroscope equipped with DS-Fi1 digital camera.
Fly stocks and genetic analyses
Flies were maintained at 25°C on the standard medium. were used to generate the mod(mdg4) m9 deficiency.
The CTCF y+1 allele was generated by imprecise excision of the P[EPgy2]CTCF EY15833 transposon but was not fully characterized (GERASIMOVA et al. 2007) . To map the deletion breakpoints, the junction between the remaining part the transgenic white reporter gene and the adjacent genomic DNA was PCR-amplified using the qm-fw1 and white-fw3 primers and the PCR product sequenced ( Figure S1A , Table S2 ). The unpublished CTCF 9 allele generated in the laboratory of Dr. K.A. Maggert was not molecularly characterized. To partially characterize the CTCF 9 molecular lesion the DNA from CTCF 9 CTCF y+1 early pupa was extracted and analysed by PCR with the following primer sets: CTCFrev1 / CTCFfw2, CTCFrev3 / CTCFfw3, CTCFrev2 / CTCFfw4, CTCFrev4 / CTCFfw5 (Table S2 ). This analysis indicates that the CTCF 9 allele is a deletion that removes a region that extends at least between positions 7347182 and 7348943 of chromosome 3R (Figure1B, S1B).
Molecular structure of the mod(mdg4) m9 allele was confirmed by partial sequencing of the 5.7kb PCR product amplified with Long PCR Enzyme Mix (Thermo Scientific) and mod-fw2 and mod-rev primers (Table S2 ). We note that the mod ( To assess the effects of mutations on female fertility the same number (20-30) homozygous or heterozygous females were mated with 10-15 heterozygous males. The females were deemed to have reduced fertility if the cross yielded much less progeny (five-fold or greater reduction) than the heterozygous control. To assess the lethality stage chromosomes carrying mutant alleles were balanced over TM6B marked with Tb. Progression of animals homozygous for a mutation was monitored following the Tb phenotype. Stages of pupal lethality were defined according to (BAINBRIDGE AND BOWNES 1981) . Mutations that arrested development at stages P1-P4 were classified as early pupal lethality, those that stopped development at stages P12-P15 were designated as late pupal lethality. When mutants died at pharate adult stage all adult structures were formed and the animals often tried to escape the pupal case but died during the process. No less than 100 mutant flies were examined to determine a lethal stage. To describe quantitative characteristics of homeotic transformations 20-50 mutant males and females were examined. In cases of pharate adult lethality these were often extracted from pupal cases.
Enhancer-blocking assay
Pigmentation of wing blades and abdominal stripes of the body cuticle was scored in 3-day-old females by using a five-grade pigmentation scale (MORRIS et al. 1998) , with pigmentation scores of 1 and 5 corresponding to null and wild-type phenotypes, respectively. To document phenotypes flies were photographed using Nikon SMZ1500 stereomicroscope and DS-Fi1 digital camera.
Computational analyses
Normalized ultra-high coverage Hi-C data (SCHUETTENGRUBER et al. 2014) were downloaded from GEO (accession number GSE61471). The square matrix of contact frequencies between 5000bp fragments covering the bithorax complex was constructed using custom Perl script and the contact frequencies plotted with heatmap.2 and colorRampPalette functions from the gplots and RColorBrewer R packages.
The CTCF, Cp190, Su(Hw) and Mod(mdg4)67.2 genomic binding profiles (ChIP/Input ratios) were from (SCHWARTZ et al. 2012) . The genomic binding profile (read density) of all Mod(mdg4) isoforms was derived from ChIP-seq mapping by ( . Briefly fastq files were downloaded from GEO (accession number GSM892322) and reads aligned to the Dm3 2006 Drosophila melanogaster reference genome with bowtie2 (LANGMEAD AND SALZBERG 2012) using default parameters. The reads were further tested for strand correlation, extended accordingly and read density profiles generated using Pyicos (ALTHAMMER et al. 2011) . A8-A6. The most obvious sign is the enlarged tergite of the 7 th segment (t7) in CTCF mutant males. In wild-type males t7 is essentially invisible. Also note additional bristles on the sternites of the 6 th (s6) and 7 th (s7) segments and on the tergite of the 8 th segment (t8) that appear in the mutants but are absent in wild-type files (marked with arrows). We see no effect of CTCF mutations on morphology of the segments anterior to A6. CTCF mutation partially suppresses A1 to A2 transformation caused by Cp190 mutations. In the CTCF and Cp190 double mutants the shape of t1 changes towards that of t2 and bristles become less dense compared to wild-type flies (marked with dashed rectangle). However, the t1 bristles do not elongate (compare to Figure 6A ) and s1 does not acquire bristles (not shown). Early pupal lethality (stages P1-P4)
Early pupal lethality (stages P1-P4)
Reduced viability, males fertile, females sterile. Homeotic transformations: males -s6 with 4-5 bristles, t7 is slightly enlarged usually bears several bristles; females -s7 bears 8-14 (average 10) bristles, t8 occasionally bears couple of small bristles.
Pharate adult lethality. Homeotic transformations: males -s6 has 3-5 bristles, t7 is enlarged and bears several bristles; females -s7 bears 7-14 (average 9.5) bristles often 3 large bristles instead of 2, t8 occasionally bears couple of small bristles.
~75% early pupal lethality (stages P1-P4), ~25% late pupa (stages P12-P15) to pharate adult lethality. Homeotic transformations: males -s6 with 3-7 (average 5) bristles, t7 is enlarged and bears several bristles; females -s7 bears 9-11 bristles occasionally 3 large bristles instead of 2, bristles on s7 occasionally lose orientation, t8 occasionally bears 1-2 bristles . The shape of t1 changes towards t2 however large bristles are rare, s1 usually shows no bristles. The bristles on t1 are distributed more uniformly compared to wildtype. Males -s6 has 0-4 (average 1) bristles, in 50% of males the t7 is not enlarged, in the other 50% t7 is enlarged but often developed from only one side, t8 is well separated from t9 and usually visible as two bubble-like structures with a bunch of large bristles, genitalia rotated by 90-180° (100%); females -s7 with 5-11 (average 8) bristles, shape of s7 is transformed towards s6 and bristles lose orientation, t8 always has 7-19 (average 13) large bristles which often form two rows. 
Cp190
